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Abstract

This thesis documents the characterization of flexible polyurethane foam (FPF) to be used as
a personal protective equipment material. Polyurethane samples were tested experimentally to
calculate the physical properties which were later re-created using a numerical model. A
discrete element modeling software was used to generate the geometry to mimic the physical
properties of FPF. The pore level numerical model was used to calculate the possible rate of
particle penetration for a range (0.2 -200) µm of particle sizes. A parametric study was done
using the polyurethane foam parameters to understand the breathing dynamics under steady
conditions. The possible particle penetration rate of a facile mask made of flexible
polyurethane foam was detailed for different breathing conditions. The results show that a nonmedical polyurethane foam mask can drastically reduce the risk of particle penetration for
particles larger than 10µm. The process exemplifies a realistic study of facial masks to
understand the dynamics and efficiency inside the interested material for any specific particle
size and condition. A process to estimate the overall effectiveness of FPF mask when exposed
to a cloud of different size particles is also demonstrated. The results indicate that a heavier
breathing cycle will create a higher-pressure variation inside the mask surface in a few specific
spots through which particles are most likely to penetrate. On the contrary, a normal breathing
will create a moderately uniform pressure distribution inside the face mask which will draw in
fewer particles when compared to the former cycle.

Keywords

Polyurethane foam, FPF, Polyurethane foam masks, Representative element
volume (REV), YADE, Computational Fluid dynamics, CFD, Personal protective
equipment.
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Summary for Lay Audience
Flexible polyurethane foam is an open cell foam that has recently been using as a personal
protective equipment material. A type of flexible polyurethane foam specially designed to be
used as a non-medical facial mask manufactured by FXI has been tested for its effectiveness
in this study. To understand the physical properties of the foam and how fluid flow influences
the foam sample, a set of experiments were conducted for a range of flow rates. To extensively
study the FPF foam sample, a numerical model was required. The experimental results were
than used to calibrate a numerical representative element volume (REV) that was developed in
a way to replicate the physical foam samples. The pore level numerical model was used to
understand the flow behavior inside the pores and an estimation of permeability and loss
coefficient was done. A parametric study was introduced to understand the capability of FPF
mask material in practical situations. A human face anatomy with a simple spherical mask
covering was used as the numerical model under two different breathing conditions. The results
from this parametric study were used to further understand the influence of particle penetration
on a FPF mask. A total of 8 different particle sizes (0.2, 0.3, 0.5,0.7, 1,2,10,200) µm that
present in atmospheric air was introduced in the air flow to investigate the filtration
effectiveness of FPF. Filtration efficiency was estimated for each particle size on a pore level
study using a possible range of velocities found during two different breathing cycle. The
results show that a heavier breathing cycle generates more pressure inside the mask surface.
The particle filtration test results conclude that the efficiency rate increases with velocity.
However, there is a fluctuation of 3-5% in filtration efficiency for low velocities in the range
(0.01-0.05) m/s. The filtration efficiency results can be used to precisely estimate an overall
effectiveness of a mask for different velocities when exposed to a cloud of particles containing
any range of particles sizes. The process and methodology used in this study can be adapted to
be used for any material and shape of mask or personal protective equipment. This research
investigates the function and effectiveness of porous material (Flexible polyurethane foam)
through experiments, pore level numerical study with a parametric analysis to understand a
real time situation.
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Chapter 1

1
1.1

Introduction and Literature Review:
Background:

Flexible polyurethane foams (FPF) can be specially adapted to be used as fluid filters. The
durability and high porosity of FPF enables significantly higher filtration rates. The openpore structure of flexible polyurethane foam can be engineered with specific pore sizes and
densities required for any filtration application such as air filters and bio filters. This thesis
describes research characterizing the physical properties of Polyurethane (PU) foams,
focusing on face mask applications.

1.1.1

Introduction of Polyurethane foam

Polyurethane is a class of polymers that are joined by urethane chains. Physical properties
of this chemical unit and the resulting foams that are created from it, such as density and
pore size, can vary widely by changing the production process. The chemical structure of
polyurethane makes it a versatile material to be engineered in many ways. Polyurethanes
are adaptable materials that are frequently employed in a variety of applications that require
a cellular structure similar to a sponge. The void phase in the polymer structure dictates the
properties and morphologies of the porous material. Reticulated polyurethane foam
is suitable for filtering media since it is generally inert. Examples of uses include engine
inlet prefilters, car air cleaners, humidifier filters, and bacteria filters.
Foam plays an important role when it comes to engineering materials application. Different
types of foams are used in heat transfer materials and in automotive and aerospace
applications. Flexible polyurethane foam (FPF) is an open cell hyper-elastic polymer,
meaning voids are connected allowing fluid to move through the foam assuming it to be
ideally elastic. Figure 1-1 shows the possible application of different types of PU foams.
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Figure 1-1: Application for Flexible Polyurethane Foam [1]
FPF has recently found its way into the personal protective equipment market. The
complex and random structure of polyurethane foam has made it possible to filter PM2.5
(particulate matter), pollen and bacteria by creating an intricate pathway for particles to
travel through, which increases the likelihood of particles being trapped, making it an
appropriate choice for non-medical facial mask material. Its open cell pore structure makes
this material breathable, allowing use as a facial mask material. While many types of
materials may be used to filter particles during respiration, the benefits of FPF may make
it an optimal choice for some applications. This work seeks to characterize its particle
filtration performance. The recent development of foam manufacturing technologies
allows properties of polyurethane, such as the pore and pore window size distribution, to
be tailored to specifications. The low production cost and unlimited variation to achieve
required properties have made Flexible polyurethane a popular choice for these
applications.
Although researchers have studied PU foams as filters in many applications, not many
studies show the effectiveness of PU foam as a material for non-medical facial masks. This
thesis studies the filtration properties of FPF numerically to study the effectiveness of the
material. Companies are using FPF to commercially produce FPF masks for the use of the
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general public. The aim of this research is to study the material behavior for a range of
different particle transport under multiple ideal and realistic breathing conditions, and also
to introduce a process for characterizing the filtration effectiveness using both experiment
and computational modelling.

1.1.2

Production and Chemical Structure of Polyurethane Foam.

Polyurethane foams are manufactured by expanding polyurethane polymer with a gas. This
foam manufacturing process consists of two simultaneously occurring processes called
polymerization and cell formulation. The main ingredient in foam making is polyol which
makes up 50 to 70% of the formulation. Polyol drives the key physical properties of the
formulated foam. The first gel reaction involves isocyanate and polyol reacting together to
create the polyurethane polymer. 25 to 40% Isocyanate is used in each formulation. Water
(1 to 4% of formulation) acts as a blowing agent. 0.1 to 1% catalysts are added to the
reaction which balance and regulate the competing reactions. To stabilize the bubble
formation, 0.1 to 3% surfactants are added to the reaction. The foam chemist can develop
a wide range of desirable qualities owing to the practically infinite combinations of polyols,
isocyanates, surfactants, catalysts, and additives. The result of these reactions is an
interconnected cellular network containing a tetrakaidekahedral cell structure.

1.1.3

Reactants

Polyurethane (PU) polymer forms based on the reactions of isocyanates (R-N=C=O) with
active hydrogen-containing compounds, such as alcohol (R-OH). Polyols and isocyanates
are the two main raw materials used in FPF production. Different types of polyols are used
for FPF production. The structure and molecular size of polyols can control the
characteristics of the resultant polymer. The two key molecules are mixed with water to
form FPF. Additives such as color, organic and inorganic chemicals, and flame retardants
can be added to the mixture to additionally manipulate useful properties Apart from the
main five ingredients, additives can also influence foam properties. Polyethers are the most
used polyols which dominate about 90% of the FPF manufacturing market. Before
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polyethers, polyesters were a widely used polyol in the production of foam. Later,
polyethers became more popular because of their lower cost.

1.1.4

Reaction

Foam making consists of polymerization and cell formation occurring simultaneously.
Two key reactions occur during this process. The gelation reaction occurs between
isocyanate (-NCO) and polyol (-OH) which results in a urethane (-NHCOO-) group. This
reaction is also called the crossed link reaction which forms the polymer. The blowing
reaction between isocyanate and water creates a carbamic acid which later decomposes to
an amine group and carbon dioxide gas [2]. This reaction forms bubbles. Disubstituted
urea is produced when the generated amine group interacts with an additional isocyanate
group. The second phase of the blowing process helps to generate linear, rigid segments by
lengthening the chain of the isocyanate molecules' aromatic groups. These two reactions
control the physical property of the polyurethane foam. Figure 1-2 shows the gelling and
blowing reaction used to create the polyurethane group. Different catalysts and surfactants
are added to balance and stabilize the reaction [3]. The catalysts used in this reaction
carefully control the relative reaction rate of the isocyanate and polyol. Generally, 1- 0.1%
catalysts are used in the synthesis of polyurethane foam. Foam formation may collapse or
form unfortunate cells in the production line if the gel and blow reactions are not perfectly
balanced. The combination of the raw materials and additives can be mixed in different
proportions to create a diversity of properties. The production process can manipulate the
density, durability, load bearing properties as well as the air permeability. Carbon dioxide
is used as a blowing agent in FPF production. Carbon dioxide is responsible for the soft
structure of polyurethane foam. The resulting foam becomes softer as more blowing agent
is employed.
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Figure 1-2: Schematic of Gelling and blowing reaction [4]

1.1.5

Manufacturing:

FPF is manufactured by continuously blending chemicals in a mixing head and pouring
them into a moving conveyor belt to react. Surfactants and catalysts are added to the raw
materials along the way. The foaming mixture forms bubbles and takes shape on the
conveyor belt. This process is called the Slabstock (figure 1-3) foam manufacturing
procedure or continuous process. In this process, foam solidifies within seconds after
mixing the ingredients. This process is capable of producing foams that are several

6

kilometers in length. However, a vertical cutter is used to cut off the foam at a desired
length.

Figure 1-3: liquid lay down (Slabstock) manufacturing process of FPF [1]

1.2

FXI samples:

This thesis numerically models FPF samples provided by FXI [5]. The foam samples
supplied by FXI were reticulated polyester polyurethane foam. This foam has a threedimensional skeletal foam structure with unique filtering properties. The foam can be used
as a mask to filter out particles during respiration. The foam can be used to remove dust
and contaminating particles from airborne pollutants including particulate matter (PM). Its
potential applications include:
1. Use as a face mask liner that can protect the user and act as a cushion
2. Use as a filter to collect airborne particles and isolate the surrounding area.
3. Use as a filter to absorb, separate, and collect particulates and gases, made
possible by the addition of specific catalysts that modify the structure.
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1.3

Foam Micrography:

The cell structure of polyurethane (see Fig. 1-4) can be described as tetrakaidekahedral [1].
The voids are separated by solid cell edges. An open cell material has many interconnected
cells which allows fluid to freely pass from one cell to another. This study is done on open
cell FPF with a distribution of pore sizes. The pore size distribution creates a variation of
pore window sizes creating a free, yet tortuous path for fluid to pass through. Polyurethane
foam is considered an inhomogeneous material; thus the structure is randomly populated
with cells of various sizes.

Figure 1-4: Electronic microscope image of an open cell polyurethane foam sample

1.4

Literature Review

This thesis focuses on understanding the structure and filtration properties of PU foams.
The literature review for this study explores the methods of idealized models that have
been used to examine porous media in computational fluid dynamics and experimental
approaches that showcase the prospect and application of porous media in terms of
filtration.
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1.4.1

Generic porous media modeling in CFD

The details and structure of porous media are often difficult to interpret. The complex and
unpredictable geometrical structure present in porous media makes it difficult to represent
accurately using an idealized unit. Over time, researchers have used models that might be
a good fit to represent certain characteristics of the porous media. This section reviews a
few different approaches that have been used to analyze the fluid flow in porous media for
different applications. One of the primary goals of this thesis is to develop a porous media
and validate a realistic FPF model that can be used to numerically study FPF filtration
properties.
Kundu et al. [6] studied turbulent flow through an isotropic porous media. The
Representative Element Volume (REV) used, shown in figure 1-5, has small 2D square
cylinders that represent the solid phase. The cylinders are organized to create an array that
is spatially periodic to represent the solid phase in the computational domain. The
remaining volume of the domain is considered the fluid phase. The solid phase was not
allowed to have random arrangements when different patterns and groups are considered.
As the volume of the REV is space independent, only the fluid phase was meshed to use
as the computational domain. The computation was done on a single REV using the
Darcian velocity. The model analyzes the very basic ideal geometry to study a porous
medium for turbulent flow through porous media.

Figure 1-5: (a) periodic array of square cylinders as the solid phase (b) Representative element
volume [6]
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Kuwahara [7] used a similar model to study macroscopic turbulent flow in porous media
which has small square cylinders placed in the flow domain as solid phases. These models
are ideal to study flow in isotropic media. However, they are unable to capture the various
random solid structures that are present in realistic porous media. Liu et al [8] determined
the equivalent permeability of fractured porous media using the same model. Kundu et al.
[9] performed numerical analysis in a 3D REV comprised of a periodic array of circular

cylinders. The computational model studied was similar to the one discussed before except
the domain had circular cylinders instead of square cylinders. These three models represent
ideal porous media. It is easier to construct and better fit to study flow on a microscopic
scale. However, these types of models are not appropriate to study how a particle might
behave inside porous geometry as they have fairly simple porous structure which will not
be able to represent the complexity that can be seen inside most poly foams.
Fumoto et al. [10] proposed a three-dimensional porous structure consisting of different
sized spheres. The study explores the potential of multi-sized structures to describe porous
media. Pore-level numerical simulations were done to evaluate the inertia effect of flows
at higher Reynolds numbers on permeability. The results were used to estimate the pressure
drop for a specific porosity and diameter distribution. The REV consists of a body-centered
cubic lattice of spheres and a face-centered cubic lattice of spheres that are merged. This
creates a porous medium of two different sizes that were later used to create REVs of
different porosity. The diameter of the spheres located at the lattice corner, center, and face
centers were modified to generate several models having different porosities. The
simulations were done assuming microscopically uniform flow through the unit structure
that can be stacked together to create a porous domain. This method allows some variation
in the sizes of the pores that are present in a porous medium, but the unit model was not
able to capture the tortuous flow path that is also present in a porous structure.

Meinicke et al. [11] presented a porous model to investigate hydrodynamics and heat
transfer. The study introduces a realistic porous geometry that is generated by image
processing using MATLAB. The processing includes substantial smoothing and
segmentation to produce a reliable geometry based on physical foam samples. The
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geometry was considered independent of surface area and porosity thus an appropriate
representation of representing volume elements. The REV has cylindrical shape that eases
the boundary condition specification by creating one continuous patch instead of four
patches that are perpendicular to each other. This technique was able to generate REVs for
foams with small cell densities (e.g., 10 ppi). To generate high-density foam REVs, the
image processing can encounter reconstruction errors due to poorly resolved thin solid
structures which makes the approach inapplicable for a wide range of porous media.

1.4.2

Numerical model of polymer-based foam

Several geometrical models have been developed that could be used to numerically
characterize the fluid flow inside a porous region based on cell morphology. This section
explores the possible models that can be used to represent polymer-based foams, especially
polyurethane foams. To better understand the polyurethane structure-property relation, the
fluid flow through the void phase can be computationally investigated using a numerical
model. Numerical models of foams are useful because they allow more extensive
investigation of the effects of varying foam properties that would be impractical with an
experimental setup.
Mills [12] computationally studied the permeability of PU foam for laminar flow. A wet
kelvin cell model was used to define the computational domain. The generated kelvin cell
model uses a specific diameter for the pore window size and edge length for one unit as
seen in figure 1-6. The unit cell can be repeated an unlimited number of times to create a
complete domain. The pore window diameter and cell edge length are not changed
throughout the entire domain. The study shows that foam permeability is a function of the
largest hole, or pore window, in the cells. This idealized model only considered circular
holes as pore windows for the wet kelvin model. The model is not able to predict the flow
for irregular interconnected pores.
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Figure 1-6: Unit cell model of a closed cell kelvin cell foam (left) and open cell kelvin cell model
with circular pore windows (right) [12]

Borovinšek & Ren [13] studied the deformation behavior of open-cell metallic foam by
creating a tetrahedral unit cell using the 3D Voronoi Technique. Figure 1-7 shows the unit
cell for this model. The unit cell was stacked together to generate the computational
domain. This can be used to generate foam models with different topologies; however, all
cells are of the same size and structure and are stacked together to create the final domain.
The irregularity of pores that could exist in the porous structure cannot be taken into
account by this approach.

Figure 1-7: Single Voronoi cell [13]

Sullivan et al. [14] studied a similar tetrakaidecahedron model for open-celled foams. The
tetrakaidecahedron cell was elongated to be used as a repeating cell unit. Montoya-Zapata
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et al [15] also studied stacked Kelvin cells as a simplified model to represent open cell
porous material.
Huu et al. [16] proposed an elementary cell model to study a polyurethane foam structure.
Their research proposed a pentagonal dodecahedrons geometric model for the cellular
material (figure 1-8). The study reports the first ever proposal of treating PU foam models
as packed dodecahedra. They show that the proposed model can represent the foam
properties. This ideal model is unable to capture the physical representation of an open cell
PU foam as it does not consider the random pore variation that exists in PU foam models,
which is similar to the model studied by Mills [12]

Figure 1-8: Pentagonal dodecahedron model [16]

Giani et al. [17] studied the heat transfer properties of open-celled metal foam by proposing
a prismatic cell model to represent anisotropic foams (figure 1-9). The length of a and b
can be changed to create a prismatic model having pore sizes that will differ when a
transverse or longitudinal section is considered. An isotropic foam model can also be
considered when the lengths of a are b are equal. This basic model only considers
rectangular pores.
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Figure 1-9: Prismatic unit model [17]

Pozorski [18] presented a 2-D numerical model of rigid PU foam using a hexagon
honeycomb structure. The study presents a simple representation of an ideal structure to
analyze the behavior of rigid PU foam under compression, tension, and shear. This model
used equisized cells to create a pattern that roughly corresponds to the actual PU foam
structure. This structure can only represent closed cell foams and it would not be suitable
to physically signify an open cell PU foam with varying pore diameters.

Figure 1-10: Honeycomb structure to represent PU foams [18]
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Yu et al [19] investigated a unit-cube model based on a simple sphere-centered cube. The
sphere represents the void phase for fluid to pass through. This model assumes that every
pore has the same diameter, and the pore is centered inside a unit cube. These unit cubes
were neatly stacked to create a block with interconnected pores (figure 1-11). Even though
this ideal model was able to show that Forchheimer coefficients vary as a function of
porosity and pore size, it does not consider the complex structure of a random porous
domain, thus it would not be useful to study the filtration properties of FPF using a unit
cube model.

Figure 1-11: (a) Single unit cube model (b) pore block with repeating units [19]

Leong et al. [20] replicated a graphite foam using a unit cell model. This unit cell model
had spheres cut out from each corner of the cube, with the sphere center coinciding with
the cube corner (figure 1-12). The diameters of the spheres were obtained from SEM
images of graphite foam. The diameters of the pores can also vary making different size
openings. With different size pore opening in one unit cell, the model was assumed to
represent the majority of pores. This is a simple representation of the complex structure.
This model could be an ideal representation of complex geometry; however, the model
would be unable to capture the random intersection of pores which is the primary drawback
for this model.
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Figure 1-12: Unit cell model for graphite foam [20]

James et al. [21] investigated a 2D model using a MATLAB code where two circles can
intersect to create a pore window. The circle placement is controlled to ensure they are
connected. Additional circles are added at the first pair’s intersection creating a model of
1000 interconnecting bubbles with varying radii and pores. This model was then modified
to create a 3D sphere pack with varying bubble diameter and pore diameter. The void
fraction of this model was calculated using image processing. However, to reach the
desired porosity, random bubbles must be deleted. This model calculates the porosity by
controlling the intersection of pores and thus the model is not able to predict the penetration
depth of spheres for a random porosity.
Dyck & Straatman [22] introduced a novel approach to studying a porous structure. In this
method, a REV can be generated with pores of varying radii. The average bubble diameter,
the standard deviation of bubble diameter, and the number of bubbles can be specified,
which then produces a series of randomly placed bubbles with varying radii. The bubbles
are then mathematically “squeezed” together, forcing them to interact with each other until
the stopping criterion, defined by a contact law, is reached. This approach generates a REV
that has the statistically correct geometric properties of the foam, with the added benefit of
being spatially periodic in all three principal planes, which makes it ideal for REV stacking
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to produce larger domains. The approach is ideal to study the effect of pore diameter and
pore windows on its filtration properties and is adopted in this work.

1.4.3

Polyurethane foam as a filter

Polyurethane foam has an enormous application sector when used as a filter. Commercially
available polyurethane foams can be applied to filter environmental air pollutants, sewage
water, or biomass products. As polyurethane is cheap and easy to manufacture with almost
any required properties, it can also be fabricated into a highly efficient filter to separate
micro to nano-sized particles. This section reviews articles that have used polyurethane and
similar polymer-based materials as filters.
Gunashekar et al. [23] did a study on the characterization and permeability of open cell
polyurethane foam that could be applied to treat industrial byproducts and wastewater.
They experimentally studied the permeability and compared it to a theoretical model to
estimate the permeability. To experimentally calculate the permeability of the PU foam,
the following equation was used:
𝐾=

𝜇𝑎𝐿
ℎ1
𝑙𝑛
𝜌𝑔𝐴𝑡 ℎ2

Eq 1.1

Here, L is the length of the sample used; µ, ρ, g denotes the viscosity, density, and
gravitational acceleration, a is the cylindrical cross-sectional area, A is the cross-section
area of the foam sample. For their study, a is equal to A as the foam sample is placed within
the graduated cylinder. The falling head parameter experiment was done using water where
h1 is the initial height and h2 is the final height of water in the column. This principle behind
this method is that a particular amount of water is allowed to pass through the sample, and
the amount of time it takes for the water to pass through the foam sample is directly
connected to the foam’s permeability. The permeability results from this experiment were
then compared to theoretical results. They concluded that the theoretical model was not
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able to predict the correct permeability as the theoretical results were off by a factor of two
compared to the experimental results.
Vásquez et al. [24] examined a polyurethane foam for water-oil filtration. A PU foam with
oleophobic properties was experimentally studied for its efficiency to separate oil in water
mixture and emulsions. The oil in water mixture and emulsion was poured onto the foam
for gravity driven filtration. The PU foams were specially generated with desired properties
for these experiments. The chemical stability of the material was tested for abrasion and
corrosion. Their results show that PU foams were able to survive several filtration cycles
successfully and can be used in extreme conditions without deteriorating and the oil
rejection efficiency remained constant and higher than 99.80%. The overall performance
showing about ⁓96-99% filtration capacity.
Air filters that are used in food processing and storage facilities can also be made of
reusable PU foams. Briffa et al. [25] examined polyurethane foams used to filter out fungal
contamination found in ambient air. The study experimentally evaluates the air filtration
capabilities of PU foam for fungal spores using two different thicknesses and sizes of PU
foams. The experiments were conducted by allowing environmental air to pass through PU
foam and capturing the spores that were able to pass through the PU foam air filter on a
cellulose nitrate membrane filter. The study concludes that PU foam air filters can
significantly reduce the number of spores and the PU foam pore size PPI (pores per inch)
was significantly more influential on the filtration efficiency than the thickness of the foam
used in the air filter.
Dacewicz & Grzybowska-Pietras [26] assessed the possibility of using polyurethane foam
filters in domestic sewage. PU foams were tested for their pore sizes and physical
properties. Experiments were done on commercially available polyurethane foam for
biofiltration. The possibility of the porous material carrying microbial biomass was
evaluated and they concluded that the shape, porosity, and hydrophilicity of PU foams
affected the type and amount of biomass deposition and determined the probability of
clogging pores in the filters. The amount of absorbed biomass by the polyurethane filter
confirmed that the tested foams provide favorable conditions for the development of active
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microorganisms. However, the clogged pores formed dead zones in the filtration process
which affected the efficiency of the biofilter.
Gunashekar & Abu-Zahra [27] experimentally studied polyurethane functionalized with
sulphonic acid to remove lead. The lead ion removal capacity of polyurethane was
measured after soaking polyurethane sample in an aqueous lead solution for a
predetermined time using inductively coupled plasma mass spectrometer. They also tested
specially conditioned polyurethane samples to understand how the rearrangement of
polymer bonds affected the ion capture capacity. The study found that the removal
mechanism was a combination of absorption and ion exchange mechanism.
Biswas et al. [28] tested polyurethane foam for its ability to absorb organic contaminants
from tap water. The foam filter was also able to remove turbidity from water that had
particulate suspension prepared with fine ground silica. They observed that reduced
porosity helps to capture more silica particles. A 15 ppi (parts per inch) polyurethane foam
compressed 0%, 9%, and 29% to be used as a potential filter in this study was compared to
conventional sand and anthracite filters. They concluded that the filtration efficiency was
similar for 9% compressed foam, with polyurethane foam filters being significantly
cheaper than sand and anthracite filters. The results show that a decreasing number of cells
per inch increases the filtration efficiency. A 29% compressed 15 ppi foam filter was able
to remove 70% feed turbidity while sand and anthracite filters were able to remove 71%
and 74% of turbidity respectively.
Roesler [29] studied polyurethane foam to filter particles of various sizes. Atmospheric air
was used as the source of particles. In order to account for potential differences in
surrounding atmosphere over areas of various industrial complexity, the foam was tested
at several places. The porosity of the foam ranged from 55 to 100 ppi (pores per inch). The
experiments were unable to determine the filtration efficiency for a number of reasons. For
example, the face velocity was not constant during the sampling period and the error in
collection efficiency affected the particle size calculation.
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1.4.4

Polyurethane foam as a mask material

The World Health Organization (WHO) has reported viral diseases to be a significant threat
to public health. The three previous major pandemics, severe acute respiratory syndrome
(SARS CoV-1), Middle Eastern respiratory syndrome (MERS), and ongoing SARS CoV2 (COVID -19) were all caused by respiratory viruses like corona. Furthermore, influenza
viruses caused Influenza A H1N1 pdm 2009 (swine flu), Ebola, and Zika virus infections
[30]. Most virus transmission occurs due to sneezing and coughing [31] Personal protective
equipment such as facial masks can work as a protective barrier between the user and the
surrounding environment.
Commercial polyurethane masks have gained popularity throughout the COVID-19
pandemic as a result of their appealing qualities, including flexibility, comfort, softness,
and excellent blockage of particles. A typically compressed polyurethane mask can block
99% of pollen-sized particle [32]. These studies show that the mask material is highly water
absorbent, and as the material gets wet, it decreases the efficiency of a mask. This thesis
focuses on the filtration of polyurethane foams that can potentially be used as personal
protective equipment. This section reviews the efficiency of polyurethane-based face
masks.
Morais et al. [33] experimentally studied the filtration efficiency of multiple medical and
non-medical masks available in Brazil for a range of particle sizes. For particle sizes 60300 nm, laminated polyurethane foam exhibited a quality factor of 6.8 kPa-1. The quality
factor was calculated using the following equation.
𝐹𝐸𝑚𝑖𝑛
−ln (1 − 100
)
𝑄𝐹 =
∆𝑃

Eq 1.2

Here, FE refers to the measured filtration efficiency from the experiments and ∆P is the
pressure difference. The Quality Factor (QF) is also related to the breathing resistance of
the mask material. Their results show that polyurethane has a lower particulate filtration
efficiency than all surgical and Polypropylene (PP) based masks.
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Seidi et al. [34] reviewed currently available mask materials against COVID-19. They
suggested methods that can improve the effectiveness of each mask material. They stated
that a polyurethane foam mask can block 99% of pollen-sized particles and can also be
reused easily after washing. However, once polyurethane gets wet, its strong hydrophilicity
significantly diminishes its effectiveness. In comparison to surgical and K95 masks,
compressed polyurethane masks are unable to filtrate against microorganisms.
Ray et al. [32] experimentally studied the droplet and hydrophobic behavior of breathable
polyurethane masks. The study proposes that a customized anti-droplet coating of silica
gel, when applied to the material, can help achieve hydrophobization for efficiency. The
silica gel coating in polyurethane foam demonstrates significant hydrophobic properties
that are essential to protect against respiratory droplets (e.g., coughing, sneezing). Their
study confirms the modified PU foam masks to be water repellent and better suitable for
protection against COVID -19.
Chan et al. [35] studied polyurethane foam masks for environmental tobacco smoke (ETS).
This research focuses on protecting the user of the mask from secondhand smoke. PU
masks were used to estimate personal exposure to nicotine and nitrosamines in both indoor
and outdoor environments. Non-smokers can be exposed to tobacco smoke by a smoker's
inhaled smoke or smoke originating from the cigarette's burning end. Tobacco smoke
contains both gaseous and suspended particle material. Experiments were done using
polypropene (PP), activated carbon (AC), and Polyurethane (PU) masks for different
distances from the source of the smoke. The trapped nicotine was then detected to evaluate
the trapping efficiency of the mask material for airborne nicotine using liquid
chromatography. Their results show that Polyurethane was able to trap more airborne
nicotine particles than activated carbon and polypropene. The study concludes that wearing
a PU foam mask can directly protect against ETS exposure.
Drewnick et al. [36] presented the filtration efficiency for different mask materials. They
tested 44 different samples of materials including PU for particles as small as 30nm. The
filtration efficiency was calculated using an experimental setup where a controlled number
of particles were allowed to transmit through the mask samples. A particle count approach
was applied to measure the number of particles released. Experiments were done using two
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face velocities, 5.3 cm/s and 12.9 cm/s for charged, neutralized, and ambient aerosol. They
observed that the increased face velocity did not affect the diffusion and electrostatic
attraction of small particles. The PU mask exhibits low filtration efficiency for very small
particles ranging from 50 nm - 10 µm with a low-pressure drop value, making PU mask
material easier to breathe through.

1.5

Research Scope:

The literature review draws attention to the fact that most of the previous work was done
on structured porous media. To understand the physical capability of polyurethane foam,
more detailed work is required. This thesis will focus on developing a more realistic foam
model that can be used to computationally study the filtration efficiency for any specific
size of particle.
The primary aim of this research is to characterize the behavior of flexible polyurethane
foam material in conditions that can replicate its use of it as personal protection equipment.
Even though there are many studies involving open cell FPF, there is very little research
done on using polyurethane foam as a personal protection equipment material. The aim is
achieved by first studying FPF samples provided by FXI under controlled conditions.
Several computational models are then developed to determine the permeability and
inertial coefficients for the two samples. The computational model is also used to study the
filtration efficiency for various particle sizes. A parametric study is then done using the
physical parameters of the polyurethane foam samples for two different breathing
conditions to better understand the filtration efficiency.
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1.6

Research Objective:

1. Develop a realistic numerical model of the foam: experiments are conducted on two
foam samples to verify the numerical model and to determine the physical
parameters of the foam.
2. Determine filtration efficiency of the foam for different particle sizes.
3. Perform a parametric study to analyze the mask performance under various
breathing conditions.

1.7

Thesis Structure:

Chapter 1 includes a comprehensive literature review of all relevant areas of this work.
This research is centered on a specific set of polyurethane foam that was specially
manufactured to be used as facial mask material. The chemical reaction and the procedure
involved in the manufacture of polyurethane foam are also presented. The microstructural
behavior of the material is then described, followed by the objective of this research.
Chapter 2 describes the experimental procedure used to calculate the physical properties of
the FPF samples and to validate the numerical model of the foam.
Chapter 3 includes the development of a representative element volume (REV) to be used
as a computational domain to numerically study the desired properties of the foam samples.
Chapter 4 describes the computational model and method that was used to study the
filtration of each particle for a specific velocity.
Chapter 5 lays out the parametric study that was done using the results from chapters 2 and
3. A realistic human head model with a facile mask was used to define the computational
domain. Two different breathing conditions were used to analyze the mask performance.
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Chapter 2

2

Experimental Setup and Result:

The goal of the thesis is to numerically study the filtration properties of Flexible
Polyurethane Foam (FPF) samples. To calibrate this numerical model, a set of experiments
were performed using two different FPF samples.
This chapter describes the experiments that were conducted to investigate the pressure drop
for different volume flow rates across the two FPF samples. The experiment was designed
for the following purposes:
•

To measure the pressure drop across two different foam samples (shown in fig
2.1)

•

To calculate the permeability and loss coefficient of the FPF sheet by fitting the
Darcy – Forchheimer equation to the experimental data.

•

To calibrate the computational model developed and explained in chapter 3 and to
compare the computational model developed in chapter 3 and applied in chapter
4.

Section 1 of this chapter explains the system setup of the experiment. The design and
purpose of each element of the test setup are included in this section. The procedure used
during the experiment is detailed in Section 2, followed by Section 3 which includes the
uncertainty analysis of the equipment used. The result of this experiment is explained in
Section 4 of this chapter.

2.1

The Foam Samples

Figure 2.1 shows the two FPF samples manufactured by FXI [2]. These two foams were
used during the experiment and later computationally modeled for further study.
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Figure 2-1: Photograph of Specimen 1 (pink) and Specimen 2 (black) that was used in the
experiment to understand the physical properties of FPF.

2.2

Experimental Setup:

Figure 2.2 illustrates the test setup schematically. It includes an air compressor that was
used to convey compressed air through the primary test portion, a gate valve to control the
flowrate, and a laminar flow meter to provide measurements of inlet temperature, pressure,
and volume flow rate. The main test section consists of a 10 cm (4-inch) diameter pipe,
which is the largest standard pipe diameter that was readily available. It was selected such
that a high flow rate could be used, which reduces the relative error of the flow meter. The
flow meter is an OMEGA FMA 2622A which is capable of measuring the pressure,
temperature, and the standard volumetric flow rate of the airflow going into the main test
section. The flow rate is measured in Standard liters per minute (SLPM) and the pipe
diameter was used to convert the flow rate into inlet flow velocity.
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Figure 2-2: Schematic of the apparatus showing the placement of each equipment.

The OMEGA FMA 2622A flow meter has an accuracy rate of 1% (0.8% of the flow rate
+ 0.2% of the maximum flow rate) described by the manufacturer [37]. The flow meter
(labelled 1 in Fig. 2-2) has mass and volumetric flow controllers to calculate and regulate
the mass flow rate using the differential pressure concept inside a laminar flow field. The
inlet flow pressure is calculated using the Poiseuille equation assuming the volumetric flow
rate is linearly related to the pressure drop. A pressure and absolute temperature sensor are
used to calculate the temperature and pressure of the inlet airflow.
The 10-cm (4-inch) diameter pipe leading from the mass flow meter to the test section has
two flanged joints ([3] and [4] in Fig. 2.3) that connect the whole test section. The space
between the inlet and the first flange joint is a settling chamber, which was included to
ensure that the airflow was approximately uniform before entering the remaining pipe and
the test section. At the end of the settling chamber is the first flanged joint, which has a
layer of polyurethane across the pipe diameter (see Fig. 2-4). The edge of the foam is
squeezed in the flange to hold it in place. The purpose of this foam is to reduce the inlet jet
to a plug flow, which then enters the section of pipe leading to the test section.
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Figure 2-3: The main test setup shows the laminar mass flow meter [1] attached to the air inlet
section of the pipe [2] followed by the first flanged joint [3] and an open second joint to insert
the test sample [4].

Figure 2-4:The second joint with the polyurethane foam sample with aluminum mesh to place
inside the pipe.

The main test section includes four adjacent layers of the polyurethane foam as a test
sample. To ensure no leakage occurs around the edge and to prevent distortion of the foam
at the edge, contact cement was placed at the FPF's edges to hold the foam sample in place.
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It was used as an adhesive around the edges to confirm that the four layers were neatly
stacked together. Penetration of the contact cement into the foam samples around the edges
was neglected since it would only penetrate the first layer of pores leading to a very small
reduction in cross sectional area. To prevent the foam sample from deflecting under high
pressure, and to prevent deformation, a coarse wire mesh was used directly adjacent to and
downstream of the foam layers (Fig. 2-5). This wire mesh was placed downstream of the
flow to keep the test sample in place during the experiment. Six bolts were used to connect
the flanged joints. To block any potential leaking, rubber gaskets were also employed at
these connections (labelled [2] in figure 2.4)

Figure 2-5: Pink foam sample with aluminum mesh attached.

A manometer was connected upstream and downstream of the second joint where the FPF
sample was placed to calculate the pressure difference across the foam. A Dwyer Mark Ⅱ
model 25 manometer was used for this purpose, as shown in figure 2.9. The manometer
was connected to the pipe using double-column plastic tubing. This manometer provides
the pressure drop in inches of water scale with an accuracy of (approximately) 3%. The
pressure drop per unit length of the foam sample was then calculated using the manometer
data. The outlet section of the pipe is open to the atmosphere.
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2.3

Experimental Procedure:

To start the experiment, the gate valve was opened to let a controlled amount of compressed
air inside the main experimental section. The system was run until it reached a steady state
which took approximately 5-10 seconds. The starting flow rate was set to 100 Standard
liters per minute (SLPM) with measurements taken approximately every 10 SLPM; the
system was allowed to adjust for about 30 seconds before measuring the pressure drop for
each volume flow rate. A manometer reading was taken manually for each point on the
inches of the water scale. The pressure drop was later calculated using the manometer
reading data. A total of 37 values were taken for the first sample.
The experiment was repeated, and the manometer reading was taken again for the black
foam (sample 2).

2.4
2.4.1

Experimental Results
Sample 1: Pink Foam

For sample one, the lowest flow rate used was 3 SLPM which corresponds to a velocity of
0.0064 m/s and resulted in a pressure drop of 0.224 kPa/m. The highest flow rate used was
201 SLPM or a velocity of 3.05 m/s which gave a pressure drop of 37.98 kPa/m. The data
were used to calculate the pressure drop per unit length. The pressure difference was plotted
as a function of velocity to observe the foam behavior. Figure 2-10 shows the pressure drop
as a function of velocity for all 37 measurements. The pressure difference increases with
velocity and becomes slightly nonlinear as the velocity increases.

2.4.2

Sample 2: Black Foam

Similar steps were followed for sample 2. The lowest flow rate used was 1 SLPM with a
velocity of 0.002135 m/s which gave a pressure drop of 0.56 kPa/m. The highest flow rate
used was 48 SLPM with a velocity of 0.102 m/s which gave a pressure drop of 36.74 kPa/m.
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2.5

Permeability Calculations

The experimental data were used to quantify the permeability for each sample, which was
later used to calibrate a geometric idealization of the porous domain for the parametric
study described in Chapter 3. The pressure drop across a permeable porous medium
subjected to flow is characterized by the Darcy-Forchheimer equation, which is cast as:
𝜕𝑝
𝜇
𝜌
= −
𝑢 − 𝑘𝑙𝑜𝑠𝑠 𝑢2
𝜕𝑙
𝑘𝑝𝑒𝑟𝑚
2

Here,

𝜕𝑝
𝜕𝑙

Eq 2.1

is the pressure gradient, µ is the air viscosity, u is the bulk velocity, 𝜌 is the air

density, kperm is the permeability of the porous medium, and kloss is the inertial loss
coefficient. The Darcy equation emerges by eliminating the quadratic term, which is
appropriate at low velocities.
A fit to the experimental data is used to determine kperm and kloss. However, a quadratic fit
to the Darcy- Forchheimer equation will result in three coefficients, including a constant
term. Instead, a linear fit for the following equation is used:
𝜕𝑝 1
𝜇
𝜌
= −
− 𝑘𝑙𝑜𝑠𝑠 𝑢
𝜕𝑙 𝑢
𝑘𝑝𝑒𝑟𝑚
2

Eq 2.2

The data were plotted in this form for sample 1 in Fig. 2-6. The linear fit results in two
constants that represent kloss and kperm. The coefficient of determination (R2) noted in figure
2.6, shows the statistical measurement of the regression model. It shows the percentage of
variance in the dependent variable that can be explained by the measured velocity for this
experiment. The R-squared value of 0.96 displays the degree to which the data fit the
regression model. Table 2.1 summarizes the values of kloss and kperm for the two foam
samples considered
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Figure 2-6: Plot of the pressure drop as a function of velocity for permeability calculation for
Sample 1.
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Figure 2-7: Plot of the pressure drop as a function of velocity for sample 2.

Table 2.1: Permeability and loss coefficient of samples 1 and 2.
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Permeability, kperm

Loss coefficient, kloss

(m2)

(m-1)

6.77x10-10

225000

Sample 1: Pink Foam
Sample 2: Black Foam

2.6

1.114x10-10

3270000

Uncertainty Analysis:

The uncertainty of this experiment was calculated based on the accuracy of the equipment.
One measurement was taken from the manometer for each unique volume flow rate which
was later used to calculate the velocity. The OMEGA FMA-2622A laminar flow meter has
a manufacturer described accuracy of 1%. This 1% accounts for 0.8% of reading from the
flow meter and 0.2% of its full-scale value which results in an error greater than 1% at flow
rates that are lower than full-scale. The flow meter has a higher percent of accuracy for
velocities that are closer to full-scale.
The Dwyer Mark Ⅱ model 25 manometer shown in Fig. 2.8 was used to measure the
pressure difference along with the FPF sample. The manometer was calibrated according
to the manufacturer [3] using the zero adjust knob located at the bottom left corner. The
tubing connection was disconnected, and the gage was left open to the atmosphere before
adjusting.
The inclined vertical manometer has a higher absolute accuracy reading for lower pressure
differences as finer increments at low readings resulting in a more accurate reading. On the
other hand, the scale being comparatively coarser for higher pressure is a possible cause of
measurement error.
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Figure 2-8: The inclined vertical manometer used to calculate the pressure difference.

The experiment was repeated using similar velocities to assess the consistency of the
experiment setup and the reproducibility of the results. In addition, measurements were
taken for increasing volume flow rate up to the maximum value obtainable and then for
decreasing volume flow rate over the same range to capture any drift that might occur
during the experiment.
Using this data, the range of velocities within the accuracy of the mass flow meter and the
manometer were calculated for each experimental value and the error envelope was plotted,
shown as grey space, and given in Fig. 2.9. The figure shows that the experimental data
and Darcy-Forchheimer fit line both fall within the error range produced by considering
the measurement uncertainty. Table 2.2 shows the error percentage for five experimental
values and the error percentage is noticeably lower for higher velocities.
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Figure 2-9:Pressure drop vs. velocity graph showing range of uncertainty for sample 1.
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Figure 2-10:Pressure drop vs. velocity graph showing range of uncertainty for Black foam(sample
2).

Table 2.2: Error percentage for five arbitrary experimental values in ascending order.

The flow rate in Standard
liter per minute (SLPM)
Qexperiment

Velocity from Experiment
= Qexperiment /Π r2

Error percentage

35

2.7

9

0.0192

45.24%

51

0.1088

8.64%

102

0.217

4.721%

150

0.3202

3.467%

201

0.4291

2.79%

Summary:

This chapter describes the experimental procedure taken to understand the flow behavior
of a specific sample of flexible polyurethane foam especially made to be used in personal
protective equipment by FXI. The experimental data was later used to calibrate the
numerical model developed to replicate the physical foam sample. The experimental results
were used to estimate the permeability and loss coefficient of the foam samples. These
values were later used to chapter 5 to model the porous region (mask) for a parametric
study.
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Chapter 3

3

The Computational Model

This chapter describes the development of a numerical model that can be used to
investigate the flow and filtration properties of the physical foam samples provided by FXI.
Pore-level geometric models are generated using the Discrete Element Method (YADE)
and then calibrated using the experimental results described in Chapter 2 and other data
provided by FXI. The computational model is first used to simulate airflow through the
porous region, imitating the experimental setup. Appropriate boundary conditions are
introduced and justified during this study. The resultant Representative Elemental Volumes
(REVs) are then used to study filtration properties of the foams in chapter 4, and as
materials for non-medical facemasks in chapter 5.

3.1

Foam Geometry

PU foams that are specially designed for facial mask material are exceptionally porous and
permeable (SIF-Z® Filter Foam, n.d.). Polyurethane (PU) foams are made by combining
polyols and isocyanates. A flexible PU foam pore can have a variety of different shapes
but can be most easily modelled as spherical-shaped voids interfering with each other to
produce pore-windows that permit airflow from pore to pore. A notable number of
experimental and analytical methods have been published to study porous structure
(citation [7- 23]). To capture the complex structure and random pore distribution of PU
foam, a study at the pore level is useful. An idealized pore-level model can be studied to
understand its flow and filtration properties; however, a model that is too simple will fail
to account for the complex path created by randomly interconnected pores. In the
development of the foam REVs, the pore diameter, the dimensional variance and the pore
window sizes are considered most important on the basis that it is flow and filtration
properties of the REV that are of interest.
The polyurethane foam samples were first studied under an optical microscope to
understand the pore diameter distribution for both pink and black foam. Figure 3-1 shows
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the pink foam sample under an optical microscope. These porous microstructures showed
a range of pore diameter sizes under the microscope. The average pore diameter was
estimated to be 600µm with a small variation to maintain consistency throughout the
domain. The smaller circles represent the pore windows that were present in the FPF foam
samples. For the black foam given in Fig. 3-2, the average pore diameter was also estimated
to be 600µm with a smaller variation than the pink foam

Figure 3-1:Optical Microscope image for the pink foam (sample 1).

Figure 3-2: Optical microscope image of the black foam (sample 2).
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3.2

Pore–level Geometric model

The target for this study is to create geometric models of spherical voids that can replicate
the physical form of porous PU foam. The geometric model is generated using YADE (Yet
Another Development Engine) [38]. YADE is a Discrete Element Method (DEM) code,
which is used to generate the desired REV model by compressing initially randomly sized
and spaced non-intersecting spheres into a cube of specified size and target porosity. The
general process used in YADE is to initially define a “cloud” of non-intersecting, spherical
primitives of diameters within the range defined by a mean and variance. The cloud is then
mathematically “squeezed” together causing the spheres to interact and interfere based on
a contact law. Once the target porosity is achieved, the model is frozen and can be exported
as a list of sphere diameters and locations for further processing. The unique features of
YADE are the ability to define a range of primitive sizes (and shapes), and most
importantly, to produce a REV model that is spatially periodic in all three principal
directions, which facilitates the imposition of boundary conditions in numerical modelling
and the development of larger domains by stacking REVs. The main goal of this geometric
model is to create a foam comprised of realistic pathways that mimic what is found in PU
foams. Thus, the pore windows and pore diameter had to be within the range of the physical
sample that was manufactured by FXI. While YADE requires a porosity to terminate the
compression of the primitives, this was varied systematically until a REV was produced
that yielded the pressure drop of the PU foam under consideration.
In detail, the following steps were followed to generate a REV using YADE:
1. A total of N number of spheres (primitives) is specified. The number of spheres (N)
can be varied to make sure the REV is independent of the number of spheres used.
The spheres were randomly created from a mean diameter and a variance.
2. The spheres are then mathematically compressed to a target porosity. While
retaining their shape, the spheres are allowed to intersect each other based on
contact law [22]. Figure 3-3 gives an example of the outcome of steps 1 and 2
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showing skeletons indicating the initial positions of the spherical primitives, and
solid colors indicating their final positions.
3. The sphere locations and sizes were exported to a text file. The text file is then
imported to Solidworks where the spheres are subtracted as voids from a solid cube
thereby creating a 3D geometric model. Figure 3-4 is an example of the geometric
model output from Solidworks.

Figure 3-3: Compaction of 120 spheres in YADE. The sphere skeleton indicates the sphere's
initial position, and the solid spheres indicate the final locked position.
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Figure 3-4:Isometric View of a polyurethane foam REV developed using YADE [39] .

The void (air) portion of the model given in Fig. 3-4 is converted to a computational domain
and simulated to predict the pressure drop for a specified airflow rate. If the predicted
pressure is too low, steps 2 and 3 are repeated for a lower target porosity and if too high a
pressure drop is predicted, steps 2 and 3 are repeated for a higher target porosity. This
calibration allows the numerical model to attain pore window sizes and distribution that
are consistent with the foam sample by adjusting the porosity of the computational model
to differ from the porosity of the foam sample.

3.3

Computational Domain

To simulate airflow through geometric models generated using YADE and Solidworks, a
computational model was developed. The main reason for conducting these simulations
was to calibrate the porous geometry to the experimental results. For each geometric model
created, a simulation was run for one specific velocity and the pressure drop was compared
to the experimental result. The DEM code in YADE was then adjusted to eliminate the
difference between the computational result and experimental result. Figure 3-5 shows the
process in a flow chart. This process could take as many as 30 iterations to achieve a
geometric model that matched the experimental results. The difference between the
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experimental result and numerical result was less than 0.1% and within the acceptable error
range (figure 2-9 and 2-10).

Figure 3-5:A systematic flow diagram to show the process of generating the final numerical model
for FPF sample

3.3.1

Simulation Setup:

The porous geometry developed in section 3.2 was inserted in the center of a channel that
included sections upstream and downstream of the porous region as shown in Fig. 3-6. The
short inlet section facilitated the imposition of a uniform inlet velocity, while the outlet
section enabled the flow to reorient before leaving the domain.
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Figure 3-6: The complete CFD model with a short inlet and outlet channel added to the porous
region.

3.3.2

Governing Equations:

The maximum Reynold’s number based on pore diameter was less than 100, thus the
governing equations were solved using ANSYS CFX for steady state laminar flow.
The conservation of mass equation is given as follows:
𝜕𝜌
𝜕𝑡

+ ∇ . (𝜌𝑢
⃗)=0

Eq 3.1

The density is represented by 𝜌 and u is velocity vector. For an incompressible flow, the
conservation of mass reduces to:
∇. 𝑢
⃗ =0

Eq 3.2

In the simulations conducted here, air is the working fluid; however, velocities are low
enough that the flow can be considered incompressible.
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The conservation of momentum equation is given as:
𝜕𝑢
⃗
𝜌( + 𝑢
⃗ . ∇𝑢
⃗ ) = −∇𝑝 + 𝜇∇2 𝑢
⃗ + 𝜌𝑔
𝜕𝑡

Eq 3.3

Here, p represents the static pressure and 𝜌𝑔 represents the gravitational force, which is
neglected in these simulations, and µ is molecular viscosity of the fluid used for the study
(air).

3.3.3

Computational Setup and Boundary Conditions:

The computational domain consists of a 2.88 mm porous block with a 2.5 mm long channel
attached to the inlet section. Another 2.5mm channel is added to the outlet section. The
boundary and operating conditions are as follows:
1. Specified velocity inlet and specified pressure outlet boundary conditions were
applied to the inlet and outlet of the domain.
2. Symmetry boundary conditions were imposed to the remaining faces. In the porous
geometry generated by YADE, opposite faces are mirror images of each other,
however, due to tolerances during meshing, periodic boundary conditions could not
be applied, and symmetry boundary conditions were used instead. The symmetry
boundary condition requires that the gradients normal to the surface are zero. As
the REV only represents a small portion of the total porous medium, a symmetry
boundary condition reduces the extent of the computational model.
3. The simulation was done using air as the working fluid. Constant properties for dry

air at 25 [C], 1 [atm] were used. [39]

3.3.4

Grid Independence Study:
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The final geometry was created in SOLIDWORKS and imported into ANSYS Workbench.
The model was meshed using ANSYS meshing, and a grid independence study was done.
The generated geometric model had pore diameters of 550-650 µm and pore window as
small as 0.5µm. The generated mesh had to be fine enough to resolve flow through features
of this size.
To ensure grid independence, simulation results using a fine grid and a coarse grid were
compared for each mesh. The overall pressure drop was observed across the porous region
for the same velocity. As the pressure drop did not change more than 0.5% (shown in table
2) between subsequent grids, the model is grid independent. The medium grid was chosen
to make the simulations less time consuming. Figure 3-7 shows a close-up view of the
selected mesh for the complete domain. The number of nodes and resulting pressure drop
across the porous REV are compared for the coarse and fine mesh in Table 2-1.
Table 3-1: Grid Independence study for pink foam

Number of Nodes

Pressure drop per unit length

Fine

1051814

10.03 KPa/m

medium

261684

9.98 KPa/m
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Figure 3-7: A close view of the mesh showing elements in the small, interconnected regions.

3.4

REV models of PU foam:

The process described above in sections 3.2 and 3.3 was used to generate idealized REVs
for the pink (sample 1) and black (sample 2) foams. The simulations were first done using
a total of 120 spheres. To ensure the porous region is a complete representative element of
the domain, the pressure drop per unit thickness across the generated geometry must be
independent of the number of spheres used. The number of spheres was increased to 130
and decreased to 110 to create two other REVs and the simulation was repeated with
identical conditions. The pressure drop across the porous region did not vary and the pore
window distribution was also unchanged.
For sample 1, the pressure drop was matched when the porosity was set at 71%. Note that
Flexible polyurethane foam manufactured by FXI has a porosity of 95-97%. This
difference in porosity between the numerical and physical model is substantial, but since it
is the permeability of the foam, dictated mainly by the pore window size, that is important
for particle passage studies, the difference in porosity was not considered important. Figure
3-9 and 3-11 shows the pore diameter distribution for sample 1 and 2 respectively. The
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final REV for specimen 1 had a side length of 2.88 mm and contained 120 pores varying
from 575 –625 µm, with an average pore diameter of 600 µm, as specified. Images of the
pores and their corresponding pore-windows are given in Fig. 3-8. A MATLAB code was
used to summarize the pore diameter and pore window distributions. The MATLAB code
was able to take each pair of spheres along with its corresponding penetration depth to
study the pore window that was created by the pair of spheres.
The pore window distributions for sample 1 and sample 2 are given in Figs. 3-10 and 3-12,
respectively. The figures show a range from 1-300 µm for sample 1 and 1-250 µm for
sample 2, with most windows in the medium range.
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Figure 3-8: Close-up images showing pore windows of the REV for pink foam.

Figure 3-9: Pore diameter distribution for the pink foam (sample 1).
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Figure 3-10: Pore window distribution for pink foam (sample 1) with most of the pore windows
ranging from 120-240 µm.

Figure 3-11: Pore diameter distribution for black foam.
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Figure 3-12: Pore window distribution for black foam (sample 2) with most of the pore windows
ranging from 120-180 µm.

3.5

Results of Pressure Drop

After an appropriate REV for each foam sample was calibrated using a single velocity and
corresponding experimental pressure drop with the procedure described above, simulations
were performed across the entire range of flow velocities considered in the experimental
study. The simulated pressure drops across the final selected REVs match the experimental
results, as seen in Fig. 3-13. The results show that pressure drop increases with velocity
following a quadratic trend, as expected from the Darcy Forchheimer law. The black foam
sample exhibits a higher pressure drop for lower velocities. From Fig. 3-13 it is clear that
the results from the CFD simulations compare very well to experimental values since all
the CFD results fall within the range(s) of experimental results. It is also noticeable that
the simulation results compare almost exactly to the experimental results for lower
velocities for both foams but there is slight difference in the CFD and experimental results
for higher velocities.
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Figure 3-13: Pressure drop per unit area vs velocity comparison for pink and black foam sample.

3.6

Summary:

In this chapter, an experimentally validated numerical model was developed to study the
physical properties of flexible polyurethane foam. This model was calibrated using the
experimental data and then verified by using the data provided by the manufacturer. The
computational model also confirms the boundary conditions that were applied during the
computational setup can successfully predict the flow behavior and pressure drop. The
computational model and the setup, which includes the representative element volume, will
be used in the next chapter to study the filtration properties of the flexible polyurethane
foam.
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Chapter 4

4

Filtration efficiency of Polyurethane Foam

A computational model is introduced in this chapter to investigate the penetration of
particles of different sizes through the foam structure. The introduction of an idealized
pore-level computational model permits the study of both airflow and particulate flow over
a wide range of airflow rates and particle sizes, which can then be compared to similar
experimental results derived from tests conducted by FXI. This chapter describes the
approach used to calculate the filtration efficiency of the two different foams manufactured
by FXI. The geometric model developed in chapter 3 is then used to characterize the
penetration of different-sized particles.

4.1

Particle transport modeling:

This model was developed to study the number of different size particles that can penetrate
through the idealized pore level model representing the FPF samples. The CFD model uses
solid pressure force model to describe particle interactions. Particles are assumed to be
spherical and inelastic. The fundamental equation for mass and momentum are then solved
as in chapter 3.
The transport mechanism of saliva particles and other airborne particles can be simulated
in various ways. Dbouk & Drikakis [40] studied particle transport from human respiration
by injecting a cloud of saliva particle in air to mimic a sneeze. They used the Reynolds
Averaged Navier Stokes (RANS) approach for compressible multiphase flow. They
implemented the k- ω turbulence model and Lagrangian model to study the saliva droplet
and aerosol jet. Li et al. [41] investigated saliva particle transport using one way Eulerian
– Lagrangian approach for a multiphase flow. Khosronejad et al. [42] studied Large- eddy
simulation (LES) to understand the underlying physics of a single cough pulse and the
saliva propagation for both indoor and outdoor air conditions. They also studied the effects
created in the transportation by adding a simplified mask geometry. Their results show that
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even the simplified addition of a face mask can considerably suppress the spread of saliva
plume. For this study, a controlled number of particles were released from a surface
assuming the particles have no effect on the actual air flow by incorporating one-way
coupling.
Particles found in atmospheric air can range from ⁓0 – 400 µm. Dust particles can range
from 1-400µm in three different classes. Particles are defined as large when the
aerodynamic diameter of the particle is greater than 20µm and particles ranging from 120µm and less than 1µm are classified as fines and ultrafine, respectively [43]. Pollen
typically ranges from 15-200 µm. Smaller particles with an aerodynamic diameter of 2.5
µm or less (PM2.5) are one of the primary pollutants in most urban areas [44]. Aerosols and
respiratory droplets from a virus-infected person can transfer the infection from one person
to another. The simulations for this study were done using particle sizes from the wide
range of aerosol particles that can be found in atmospheric air. Sparsely distributed
particles were initiated over the inlet section instead of injecting them from one point into
the fluid domain. Since the computational domain was small with an inlet area of 8.455E06 m2 and an extra 2.88mm inlet channel was also added before the porous region, a
regulated quantity of randomly distributed particles discharged from the inlet surface was
more appropriate to analyze potential particle paths inside the porous region. The steady
state numerical model was solved using ANSYS CFX 2021 R1 CFD software and
simulation data was used to study the filtration efficiency for the two different foam
samples provided by FXI. The solid pressure force model is used for dispersed solid phases
in a multiphase flow. The solid collision force is incorporated into the momentum equation
of the air flow with additional solid pressure and solid stress terms. The flow rate of
particles is assumed to be dilute thus one way coupling is appropriate for modelling. The
one-way coupling of particles and airflow predicts the particle paths based on the flow
field; however, the particles do not influence the flow field. The restitution coefficient
indicates the elasticity of collision between a pair of particles. The restitution coefficient is
incorporated into the model by considering the inelastic collisions and solid particle
packing in the Gidaspow equation [45].
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The Schiller Naumann Drag Model was used to model solid spherical particles; the
following function is used to calculate the drag force that the air exerts on the particles
[39]:

𝐶𝐷 = max (
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(1 + 0.15𝑅𝑒 0.687 )) , 0.44
𝑅𝑒

Eq 4.1

Particle track model:
Lagrangian particle track model was implemented to track spherical solid particles
through the continuum fluid. Individual particles are tracked from their injection point
until they hit a wall inside the porous region.
Particle Displacement calculation:
The particle displacement is calculated using forward Euler integration of the particle
over timestep.
The particle displacement is given as:
𝑜
𝑥𝑖𝑛 = 𝑥𝑖𝑜 + 𝑣𝑝𝑖
𝛿𝑡

Eq 4.2

𝑜
Here the subscript o and n refer to old and new values respectively, and 𝑣𝑝𝑖
is the initial
particle velocity.

Particle momentum equation:
𝑚𝑝

𝑑𝑣𝑝
= 𝐹𝑎𝑙𝑙
𝑑𝑡

Eq 4.3

Here, Fall is the sum of all forces acting on a particle. The analytical solution of the
particle momentum equation is:
𝑣𝑝 = 𝑣𝑓 + (𝑣𝑝0 − 𝑣𝑓 )exp (−

𝛿𝑡
𝛿𝑡
) + 𝜏𝐹𝑎𝑙𝑙 (1 − 𝑒𝑥𝑝 (− ))
𝑡
𝑡

Eq 4.4
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4.2

Modified computational domain:

The computational domain described in this section is different from the one described in
chapter 3. A usual non-medical foam mask is 5mm. Thus, a computational model of higher
thickness than this was in the direction of the flow was used. This allows the simulation to
identify particles that would be trapped within a typical 5 mm thick mask, but which may
not be trapped within a thinner REV. Two 2.88mm REVs generated in chapter 3 were
attached to create a 5.76 mm porous region (figure 4-1). The complete computational
domain is 11.52 mm in length with an l1=2.88 m inlet channel added to a 12=5.76 mm
porous region and another l1=2.88 mm channel attached at the outlet section. The height
and width of the domain are h=2.88 mm and b=2.88 mm. An inlet and outlet channel were
added to the porous region to ensure uniform flow and to avoid backflow. Particles were
released in the domain from the inlet section by directly injecting 1000 randomly spaced
particles from the inlet surface. A total of 8 different particle sizes, ranging from 0.2-200
µm for one constant flow velocity of 0.2 m/s was tested to understand the particle
trajectory. One simulation was done for each size to precisely calculate the filtration
efficiency for that particular combination of size and velocity. The mass flow rate of the
particles was set to 0.01 kg/s. The collision between particles and the solid phase of the PU
foams were assumed to be almost inelastic by setting a coefficient of restitution of 0.01.
The particles were considered trapped once they come in contact with the solid phase of
the porous region.
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Figure 4-1: Computational domain for particle study showing two adjacent REVs combined with
short inlet and outlet sections.

4.3

Results and Discussion:

The steady state simulation results for 0.2 m/s are given below. Figure 4-2 presents the
particle trajectory for the 8 different particle sizes. The results show that smaller particles
(0.2 – 1 µm) can penetrate significantly further into the porous region when compared to
larger particles (2 and 10µm), which are trapped near the entrance to the porous region.
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particle size = 0.2 µm

particle size = 0.3 µm

particle size = 0. 5 µm

particle size = 0.7µm

particle size = 1µm

particle size = 2µm
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particle size = 10 µm

particle size = 200 µm

Figure 4-2:Visual representation of particle penetration inside PU foam for different sized
particles.

4.3.1

The Effectiveness of Flexible polyurethane foam:

Figure 4-3 shows the distribution of particles by the distance they travelled into the foam.
The pink foam shows that all 200 µm particles are trapped shortly after entering the porous
region, displaying a higher filtering efficiency.
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Figure 4-3: Particle displacement length for pink foam at 0.2 m/s

The effectiveness was calculated based on the number of particles that went past ⁓5 mm
length from the start of the porous region. It is expressed by the following equation:
𝐸=

(𝑄1 − 𝑄2 )
∗ 100%
𝑄1

Eq 4.5

Here, Q1 refers to the number of particles released to the domain and Q2 refers to the
number of particles that are made through the porous region. Figure 4-4 shows the filtration
effectiveness of the pink foam for all the 7 particle sizes that were tested.
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Figure 4-4: Filtration efficiency of the pink foam

The black foam particle displacement length is shown in Figure 4-5. Similar to the pink
foam, all 200 µm particles get trapped inside the porous shortly after entering. However,
particles in the range of 0.2-1µm travel less distance in the porous region when compared
to the pink foam. This was expected as the black foam has smaller pore window openings
with lower porosity in comparison to the pink foam. Figure 4-6 shows the filtration
efficiency for the black foam.
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Figure 4-5: Particle displacement length for black foam
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Figure 4-6: Filtration efficiency of the black foam
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4.3.2

Comparison of Pink and Black PU foam

Figure 4-7 shows the filtration efficiency results for fine and ultra fine particles. The figure
compares the filtration efficiency of black and pink foam for 0.2-2µm particles. The figure
also includes a distribution of the Particulate matter (PM) range [46]. The filtration
efficiency is slightly higher for the black foam for ultra-fine particles.

Figure 4-7: Filtration efficiency vs. particle size comparison of the pink and black foam samples.

4.4

Summary:

A computational domain including a porous region with approximately the same thickness
as a foam mask is presented in this section. The domain is used to study the particles
penetration depth of 8 different particle sizes at a constant velocity. The filtration efficiency
of the PU foam samples is calculated based on the number of particles that were able to
travel more than ⁓5mm into the porous region. The traveled distance of each size particle
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inside the porous region is also presented in this section. The filtration efficiency results
show that personal protective equipment made of FPF that is 5mm in thickness is highly
protective against pollen and most atmospheric dust particles. However, the efficiency rate
drops to 91-94% when particle size range from 0.1-1µm representing insecticide dust and
bacteria. Thus, the efficiency varies from 91-99.9% for particulate matter pollution. This
data was used in the parametric study described in the next chapter.
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Chapter 5

Parametric study of Polyurethane foam as a mask
material

5

The outbreak of coronavirus in 2019 has attracted researchers to study the importance of
personal protective equipment in day-to-day life. The use of facial masks in particular is
recommended around the globe to protect and prevent the spread of most airborne diseases.
Masks are also worn to protect against seasonal airborne allergens and/or dust particles
present in factory settings, agricultural facilities and construction sites, among many others.
A parametric study was done to understand the air flow structure inside of a facial mask
under different breathing conditions. Aerosol and/or dust particles can be inhaled by a
person from the nose and mouth during breathing. Contiguous fluid particles can also come
out of a person from the nose and mouth during exhalation. Facial masks have proven to
be one of the most effective protective measures against airborne particle transmission.
Face covering can potentially reduce the forward distance traveled by aerosol particles. A
number of computational fluid dynamics simulations were conducted in this research to
investigate the filtration characteristics of foam mask materials under different breathing
conditions. Particulate transport during human breathing with a facial mask made of
polyurethane foam was numerically tested to strengthen the scientific foundations about
the usage of FPF as a potential facial mask material.
Different facial masks such as simple cloth-based masks to N95 respirators and surgical
masks provide different levels of protection against aerosol droplets and particles. Surgical
facemasks are made to fit loosely over the mouth and nose, are fluid-resistant, are intended
for one-time application, and are disposable. These fluid-resistant masks are made to lessen
the emission of large respiratory droplets produced when sneezing and coughing [47].
However, there is a chance that during inhalation and exhalation, leakage could occur along
the edge of the facemask. Such a dynamic leakage enables direct fluid interaction between
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the wearer and fluid droplets from the outside air. Tight-fitting masks that are fitted to the
face largely eliminate edge leakage, but if they are constructed to have micropores for
effective droplet entrapment, the tiny pores obstruct air ventilation, making the wearer
uncomfortable. Therefore, for acceptable facemasks, a balance between protection and
breathability is required.
This portion of the study is designed to understand the pressure and velocity distribution
inside the mask when a person is breathing under normal conditions wearing a facial mask
made of FPF. The pressure and velocity results from these simulations were used to predict
the possible particle penetration through the polyurethane mask. A heavier breathing
condition – most likely to be seen in a construction environment in moderate working
conditions – was also simulated to compare filtration results. The focus of the simulations
is to understand the domain inside the mask, where the flow is most dynamic thereby
producing a pressure distribution on the inside surface of the mask. The regions inside a
mask where higher pressure drops occur are more likely to allow particles to penetrate. The
exact mask shape was not a primary concern for this study. Thus, a simplified
semispherical mask shape was fitted to a generic face geometry permitting no leakage from
the sides. The face mask is designed to have a uniform thickness of 5.5 mm throughout
the domain and has asymmetrical curvature around the face to ensure a leak-proof fit.
Figure 5.1 shows the complete fluid domain that includes a human face anatomy [48]
wearing an idealized semi-circular facial mask. The concerned part of the human head is
placed inside a box to complete the fluid domain.
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Figure 5-1: Complete fluid domain with human face and facile mask
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5.1

Grid Independence test:

The computational domain shown in figure 5.2 is three dimensional. The eye-to-eye
distance of the human face is 0.08 m. The height between the top and bottom plane is 0.45
m. The length of the domain is 0.48 m and the width is 0.3 m. The mesh shown in figure
5.2 is comprised of unstructured tetrahedral cells. Figure 5.3 shows the mesh distribution
in the area of interest. Figure 5.3 shows a close-up part of the domain around the face.

Figure 5-2: Mesh distribution for the complete domain showing the mesh connection between
the mask (porous domain), outside (atmospheric) and inside area.
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Figure 5-3: Mesh distribution inside the mask zone

The mesh is refined inside the mask and then gradually coarsened away from the external
surface. A mesh convergence study was performed for the flow variable (pressure inside
the mask surface) in the zone of interest that is from the front of the nostrils and mouth
enveloping the mask. The mask is well-fitted to the face assuming no leakage from the side
of the face. The selected computational domain has a total of 751088 cells with 257,721
cells inside the facial mask domain. The grid resolution starts from 0.8mm inside and
around the mask and gradually coarsens to 4 mm in the direction of the flow. Figure 5-4
shows the pressure drop across the mask for different grid cell numbers. Since the domain
outside the mask is at ambient pressure (0 [Pa] gauge), the maximum pressure also
represents the pressure drop across the mask, as noted in Table 5.1.
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Table 5-1 : Grid Convergence Study.

Number of cells

Total number of

Maximum gauge

inside mask

cells

pressure inside the
mask surface [Pa]

Coarse

190,928

599,057

1.249

Medium

257,721

751,081

1.24924

Fine

329,770

942,965

1.25

Figure 5-4: The variation in Pressure drop with the number grid cells.
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Fluid Physics model:

5.2

The region inside the mask between the mask and the face was modeled as a fluid domain.
The 5.5mm mask was modeled as a porous domain using the permeability derived in
chapters 2 and 3. The region outside of the mask was also modeled as a fluid domain.
Because of the low pressure deviations expected, air was modelled as incompressible
throughout. The inlet condition at the nostril was set using the velocity function [42]:
𝑢=

𝑉𝑡

2𝜋𝑡

𝑇𝑏 𝐴𝑛𝑜𝑠𝑒

𝜋

𝜋cos [ 𝑇 − 2 ]

Eq 5.1

𝑏

where u (ms-1) is the normal velocity across the nostril area. Here, Vt represents the tidal
volume of breathing which is set to 0.4e-03 m3, Anose is the area of the nostril and Tb is the
period of breathing. A normal period of breathing occurs when Tb is set to 5 seconds. Figure
5.5 shows the inlet velocity for normal breathing wherein the peak velocity exiting the
nostrils reaches 1.1 m/s for both exhalation and inhalation.
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Figure 5-5: The instantaneous velocity waveform imposed at the nostrils during normal
breathing.
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The porous region (facemask) was modeled using the porosity and resistance coefficient
(permeability) detailed in chapter 2.
To understand the breathing dynamics for a heavier and more rapid breathing that is more
likely to be present in a working environment (construction, for example), the tidal volume
was set to 2.5e-03 m3 with a frequency of 30 breaths per minute [49]. Figure 5.6 Shows the
wavelength prescribed for this scenario wherein the peak velocity at the nostrils reaches 17
ms-1 during exhalation and inhalation.
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Figure 5-6:The instantaneous velocity waveform imposed at the nostrils for heavy breathing.

The continuity and Navier-Stokes equations are given as:
∇∙ 𝑢
⃗ =0
⃗
𝜕𝑢

𝜌 𝜕𝑡 + 𝜌(𝑢
⃗ ∙ ∇)𝑢
⃗ − 𝜇𝑡 ∇ 2 𝑢
⃗ + ∇𝑝 = 0

Eq. 5.2
Eq. 5.3

Here, ρ, t, µt, u and p denote density (kg m-3), time, eddy viscosity, flow velocity (ms-1),
and pressure (Pa), respectively. Turbulence was modelled using the k – ε turbulence
model [39], where k comes from the transport equation:
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𝜕𝜌
𝜕
+
(𝜌𝑢𝑗 ) = 0
𝜕𝑡
𝜕𝑥𝑗

𝜕𝜌𝑢𝑖
𝜕
𝜕
𝜕𝑢𝑖 𝜕𝑢𝑗
+
(𝜌𝑢𝑖 𝑢𝑗 ) =
[(
+
)𝜇 ]
𝜕𝑡
𝜕𝑥𝑗
𝜕𝑥𝑗 𝜕𝑥𝑗 𝜕𝑥𝑖 𝑒𝑓𝑓

Eq. 5.4
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The turbulent Eddy viscosity is computed as:
𝑘2

𝜇𝑡 = 𝜌𝐶𝜇 ( 𝜖 )

Eq. 5.6

Here, Cµ and 𝜖 are the eddy viscosity turbulence model constant and eddy dissipation
rate. The value of k and 𝜖 come directly from the differential transport equation for
turbulence kinetic energy and turbulence dissipation rate.
𝜕(𝜌𝑘)
𝜕
𝜕
𝜇𝑡 𝜕𝑘
+
(𝜌𝑢𝑗 𝑘) =
[(𝜇 + )
]
𝜕𝑡
𝜕𝑥𝑗
𝜕𝑥𝑗
𝜎𝑘 𝜕𝑥𝑗

𝜕(𝜌𝜖)
𝜕
𝜕
𝜇𝑡 𝜕𝜖
+
(𝜌𝑢𝑗 𝜖) =
[(𝜇 + )
]
𝜕𝑡
𝜕𝑥𝑗
𝜕𝑥𝑗
𝜎𝑘 𝜕𝑥𝑗

5.3

Eq. 5.7

Eq. 5.8

Computational Details:

A time step size of 0.6e-03 s was selected to ensure the Courant-Friedrichs-Lewy (CFL)
number would remain under 1.0. Opening boundary conditions were adopted on all outside
faces of the computational domain except for the face. The anatomy of the face was set to
no slip wall boundary with the breathing waveform imposed at the nostril. The complete
normal breathing cycle of 5 seconds was simulated as a transient computation. For the
second scenario, to simulate a heavier breathing cycle with a much higher maximum
velocity, the time step size was set to 0.5e-04 s to ensure CFL number to be under 1.0. Air
exiting the nostril during exhalation was able to travel through the porous region
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(facemask) to the outer fluid domain in the stream-wise direction. During inhalation, air
was drawn through the mask from the outer fluid domain.

Results and Discussion:

5.4

A simulation was carried out for a subject wearing a polyurethane (FPF) mask. The mask
was modeled to mimic the properties of the FPF sample provided by FXI (detailed in
chapter 2). The results describe the breathing dynamics of two different scenarios. For both
sets of simulations, the same set of boundary conditions and numerical mesh was used.
Figure 5.7 shows the pressure contours at the inside surface of the mask for labored (heavy)
breathing. The pressure inside the mask is correlated with velocity. At 0.5 seconds, when
velocity is at the peak exhalation velocity of 17 ms-1, the pressure on the inside surface of
the mask peaks at 233 Pa. The pressure inside the mask peaks at -220 Pa during inhalation
at 1.5 seconds.

time = 0.05 second

time = 0.2 second
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time = 0.5 second

time = 0.75 second

time = 1 second

time = 1.5 second
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time = 1.75 second

time = 2.0 second

Figure 5-7: Pressure distributions on the inside surface of a facial mask under the condition of
heavy breathing. The inlet velocity imposed at the nostrils is given in Fig. 5-6.

Figure 5-8 gives a detailed pressure distribution inside the mask at the peak exhalation
velocity of 17 ms-1. Here, the maximum pressure occurs at two spots near the mouth area
owing to the turbulent jets issuing from the nostrils and impinging on the mask surface.
Figure 5-9 shows a similar pressure distribution for a normal breathing cycle at its peak
exhalation velocity of 1.1 ms-1, however, for the normal breathing cycling, the pressure
variation on the inner surface of the mask is much smaller than the variation seen on the
inner surface of the mask during heavy breathing. Once again, impingement regions
resulting from the jet issuing from the nostrils are observed, but they are more spread out
across the inner mask surface.

75

Figure 5-8:Pressure Contours at peak velocity (exhalation) for heavy breathing.

Figure 5-9:Pressure contours at peak velocity () for normal breathing.
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Figure 5-10 and 5-11 show the average, minimum, and maximum velocities through the
mask for each breathing scenario at different times. The average velocity, often called the
filter velocity, is obtained by dividing the total instantaneous mass flow rate by the mask
area and the density, while the minimum and maximum velocities are obtained from
snapshots of the velocity distribution at the different times noted. For a normal breathing
cycle, the velocity exiting the nostrils is 1.1 ms-1, which corresponds to a peak velocity of
0.0139 ms-1 through the mask. The peak exhalation velocity of 17 ms-1 at the nostrils
corresponds to 0.199 ms-1 at the mask surface. This velocity distribution is of interest as it
can be used to estimate particle transport through the porous mask and filtration efficiency
using the characterization provided in chapter 4. The filtration efficiency can be derived
by considering the effectiveness of the foam in trapping particles of different sizes.
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Figure 5-10: Average, minimum and maximum velocities observed on the mask
surface at different times during the normal breathing cycle.

Figure 5-11: Average, minimum and maximum velocities observed on the mask surface at
different times during the heavy breathing cycle.
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Figure 5.12 shows the filtration efficiency found from the simulation results for both foam
samples under heavy breathing conditions, calculated using the same simulation setup as
described in section 4.2. For particle sizes ranging from 0.2 – 2 µm, the filtration efficiency
is below 90%. The simulation results indicate that the filtration efficiency is highest for
particles that are larger than 10 µm.

Figure 5-12: Pink vs black foam filtration efficiency for heavier breathing at peak velocity.

Figure 5-13 compares the filtration efficiency of black and pink foam for different
velocities. Both foams display similar filtration efficiences for particles that are larger than
0.5 µm at both lower and higher velocities. Figure 5-14 shows the efficiency fluctuation at
lower velocities, where the black foam shows significantly higher filtration efficiency at
low velocity.
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Figure 5-13: Filtration efficiency as a function of velocity for pink and black foam samples.
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Figure 5-14: Filtration efficiency at lower velocities for different size particles.

5.5
FPF effectiveness estimation for a cloud of
particles:
The effectiveness of a polyurethane foam mask can be estimated from the efficiencies
calculated using a pore level geometry. A heavier breathing cycle creates a higher-pressure
variation on the inner surface of the mask when compared to a normal breathing cycle
(figure 5-8 and 5-9). The pressure distribution on the mask surface relates to the particle
transport velocity. When exposed to a cloud of particles consisting of various size particles,
the efficiency (figure 5-13 and 5-14) can be used to calculate the overall effectiveness of
the mask for a range of pressure distributions in the air. The pressure distribution inside the
mask can be correlated to the velocity of the particles expected to be filtered. The number
of particles that pass through the mask can then be calculated using the following integral:
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𝑁 (∫ ∫ (𝑈. 𝜂)𝑑𝐴𝑑𝑡)
𝑡

𝐸𝑞. 5.9

𝐴

Here, N is the number of particles of a given size in a cubic metre of air. U is the particle
transport velocity (filter velocity), and A is the corresponding mask area. η represents the
efficiency of the mask for a specific particle size and t is time on the concerned breathing
cycle. Integrating the entire mask surface with its relative time and particle efficiency over
the breathing cycle will estimate the number of particles that are likely to penetrate through
the FPF facial mask. While integration using Eq. 5.6 could be done at the level of the area
elements of the finite element mesh, owing to the small variations in pressure and the
coarseness of the velocity versus effectiveness data, the integral was discretized into four
parts as:
4

̅𝜂𝐴]1 + [𝑈
̅𝜂𝐴]2 + [𝑈
̅𝜂𝐴]3 + [𝑈
̅𝜂𝐴]4 }Δ𝑡𝑖 )
𝑁 (∫ ∫ (𝑈. 𝜂)𝑑𝐴𝑑𝑡) ≈ 𝑁 (∑{[𝑈
𝑡

𝐴

𝑖=1

Eq. 5.10

where the velocities now represent average velocities over the areas A1-4, the efficiency 
is the efficiency at the average velocity, and Δ𝑡 is a fraction of the velocity waveform,
which is also divided into four parts. Figure 5.15 shows the pressure distribution inside the
mask during inhalation. The fairly uniform distribution in pressure is used in equation 5.10
to calculate the number of particles that can be inhaled (penetrate through the mask) during
the breathing cycle.

Figure 5.16 shows pressure distributions for the outer and inner

surfaces of the mask at peak exhalation. Figure 5.17 shows the four areas used to solve Eq.
5.7. Table 5-2 shows the corresponding area and pressure for each part of the figure shown
in Figure 5-16.
An estimate of this integral is provided for the portion of breathing cycle from the
beginning to the peak inhalation, which can then be doubled to provide a rough estimate
of the number of particles of each size inhaled in a single breath. Table 5-2 shows the
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number of particles that can penetrate the mask for any particular size for a quarter of a

Velocity (m/s)

breathing cycle. The estimation was done for a cloud of 100,000 particles per cubic metre.

0

Figure 5-15: Uniform pressure distribution inside the mask at 1.5 second in the
heavier breathing cycle for black foam (Inhalation).

1

Time (s)

2

Velocity (m/s)
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0.5 s

0

Figure 5-16: Pressure distribution in 5 sections inside the mask from two different views at 0.5
second in the heavier breathing cycle for black foam (exhalation).

1

Time (s)

2

84

2

1

3

4

Figure 5-17: Area division for the corresponding pressure distribution at 0.5 seconds in the
heavier breathing cycle for black foam during exhalation.
Table 5-2: A chart showing the corresponding area and pressure distribution for figure 5-17

1
2
3
4

Area (m2)

Pressure (Pa)

0.001075

230.8

0.024799

210

0.003358

220.4

0.004773

199.5

Table 5-3 shows the number of particles that were able to penetrate the mask for both foams
at heavy and normal breathing conditions. Assuming a total of 100,000 particles per cubic
metre of air, 250 particles would be inhaled or exhaled without a mask during a heavy
breathing cycle in which 2.5e-03 m3 of air is inhaled and exhaled. During inhalation, the

85

mask reduces this number to approximately 40-42 particles that penetrate the mask, for an
overall efficiency of approximately 83%. On the other hand, 40-55 particles can penetrate
through the mask during exhalation for a heavier breathing cycle, giving an overall
efficiency of about 78%.
Table 5-3: Effectiveness estimation for varying velocity and particle size for two breathing
conditions for 100,000 particles per cubic metre.

Number of
penetrating
particles during
inhalation
(Heavy
Breathing)

Number of
penetrating
particles during
exhalation
(Heavy
Breathing)

Number of
penetrating
particles during
inhalation
(Normal
breathing)

Number of
penetrating
particles during
exhalation
(Normal
breathing)

Black foam

39.7

41.329

12.37

16.53

Pink foam

41.54

55.3

9.67

9.15

During a normal breathing cycle, a total of 0.4e-03 m3 of air is inhaled[49]. The simulation
results show that, assuming there are 100,000 particles per cubic meter of air, a flexible
polyurethane mask can filter out all but 10-16 of the 40 particles that would otherwise
pass through

the

mask during exhalation and 10-13 of

the 40 particles that

would

pass through during inhalation, giving overall efficiencies of 60% -75%, respectively. This
calculation can be repeated for a cloud of particles with varying particle sizes to have an
overall estimation of effectiveness.
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5.6

Summary:

This chapter discusses the parametric study of flexible polyurethane foam. Using the
porosity, permeability and loss coefficient that has been calculated at different stages of
this thesis (explained in chapter 2,3 and 4), a complete domain was introduced to study an
average human breathing cycle in real time. A normal and heavy breathing cycle shows
the possible velocity and pressure drop range across the mask domain. These results were
used to study the filtration efficiency of flexible polyurethane mask material on a pore level
geometry. Then, an estimation of particle penetration was done to understand the overall
effectiveness of an FPF mask for a cloud of particles.
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Chapter 6

6

6.1

Conclusion and Future Work

Summary of present work

A complete study of Flexible polyurethane foam (FPF) was presented in this thesis. Two
FPF samples produced by FXI with slightly different physical structures were studied.
Experiments were conducted on two physical FPF samples for different flow rates to
understand the physical parameters of polyurethane (PU) foam. To numerically study the
structure of the foam, an idealized pore-level representative elemental volume (REV) was
created. The REV consists of a spherical void phase to demonstrate an open cell FPF
wherein the pore diameter, the diameter variation and the pore window sizes were faithfully
reproduced, and porosity was used as a calibration parameter. Simulations demonstrate that
the REV can be closely calibrated to measured data obtained from small-scale laboratory
experiments thereby reproducing the velocity versus pressure drop curves obtained in the
experiments for the physical foam. The pore level study was done to investigate the particle
trajectory inside a 5 mm thick flexible polyurethane foam mask, allowing the filtration
efficiency for each foam for a range of particle sized to be categorized. The flow
characteristics inside a simplified mask shape were investigated computationally by fitting
a hemispherical mask to a generic face shape and conducting transient simulations over
normal and heavy breathing cycles. The simulations were then used to study the transport
of airborne particles ranging from 0.2-10 µm under the different breathing conditions.
Results show that the pressure distribution across the mask varies for heavy breathing. For
a lower velocity ranging from 0.01-0.05 m/s, the variation in filtration efficiency can be up
to 3-5% for all the particle sizes considered. A method is described to estimate the
effectiveness of the mask based on pressure distribution and filtration efficiency for any
size particle.
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6.2

Future Work

The usage of facial mask filters has increased drastically to limit the transmission of
airborne particles and viral infections. Limited research has been done to study the
materials used in personal protective equipment. The fit and material of the mask could
cause leakage of droplet contaminant while passing through the mask material. The
presented work is a representation of a possible personal protective equipment material
study. A significant number of simplifications were done regarding the mask shape and
human head size in order to keep the mask thickness in the acceptable range of the physical
samples provided by FXI. The facile mask shape used for the parametric study could be
replaced with a more realistic mask shape to consider the gap and fit of the mask. Fitting
of the mask to the face is crucial. If there are any small openings in the mask, even in a
tight-fitting situation, this can cause additional droplet leakage around the mask, which
must be disregarded. Further research is required to study the shape of the mask which also
affects the mask efficiency. A pore level geometry is essential to study the underlying
physics of the material. The pore level geometry used in this work can be altered and
recreated to a more accurate form of polyurethane foam or any other porous material. A
droplet transmission study to simulate a cough or sneeze inside the mask will influence the
results. The interaction between the mask material and droplets produced from a cough can
significantly affect the mask efficiency and transmission rate. The particle transportation
efficiency shown in this work is a conservative prediction of a possible scenario. Repeated
cough cycle will showcase an efficiency reduction.

6.3
•

Recommendation for future work:

An electronic microscope study can be performed on the FPF sample to understand
the pore window and pore diameter distribution.

•

Different pore shapes can be considered to more accurately represent the concerned
porous material (such as tetrakaidekahedral) on a pore level geometry.

•

Different facial mask shapes with possible gaps should be considered.
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•

Droplet transmission for cough and sneeze can be simulated for different velocities
that will significantly affect the material efficiency results.

The above-mentioned points can be considered to further study the FPF material.
Overall, this thesis demonstrates a complete framework to evaluate the filtration
effectiveness of any porous personal protective equipment material and to understand the
underlying physics of the fluid flow inside the concerned porous domain. Different
elements of this thesis can be further studied for a detailed and more accurate estimation.
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